Introduction
Metal-organic frameworks (MOFs) are an attractive class of porous solids with potential applications in gas storage and separation, energy conversion and catalysis.
1-5 All of these versatile physical and chemical properties or niche applications have been shown to be heavily reliant on their unique structures. On the other hand, Fe-based MOFs have attracted wide scientific attention owing to their low toxicity and magnetic properties, medical and biological functions (drug release, imaging) and application in lithium-ion batteries and hydrocarbon separations. [6] [7] [8] However, most recent research has concentrated on the exploration of Cu-and Zn-based MOFs, 1a while studies on Fe-based MOFs are relatively scarce. 5 The main reason is the difficulty in controlling methodology and experimental conditions, as iron salts exhibit a strong tendency to undergo hydrolysis resulting in stable hydrated iron oxide and precipitation instead of crystallisation. 9 The research presented here is focused on a tetratopic anthracene-based ligand, namely, 2,6,9,10-tetrakis(p-carboxylatophenyl)anthracene (referred to as anthracene tetrabenzoate (ACTBA), Fig. 1 ), as conjugated or fused aromatic compounds may exhibit interesting optical features, acting as charge donors or acceptors. Furthermore, with iron ions, such compounds are capable of exhibiting unique optical properties due to strong spatial anisotropy on the nanoscale, as was discovered for the first time in this class of materials described here. This feature opens up broad prospects for the use of MOF single crystals in managing photoexcitation under the influence of light. 10 
Results and discussion
Single crystals of [{Fe 3 (ACTBA) 2 }X·6DEF] n (1; X = monoanion) were obtained by solvothermal synthesis from FeCl 3 ·6H 2 O and the corresponding acid of the linker, H 4 -ACTBA, in diethylformamide (DEF). The colour of the crystals ranges from dark yellow to brown, depending on their thickness and the angle of incidence of a light beam. Compound 1 crystallises in the triclinic Table S1 †) forming a porous network consisting of Fe 3 (RCO 2 ) 8 as a secondary building unit (Fig. 2) .
The central iron atom (Fe2) is located on a crystallographic inversion centre and exhibits perfect octahedral coordination, whereas the coordination environment of Fe1/Fe1′ is best described as distorted tetrahedral if the two chelating carboxylato groups are regarded as occupying one coordination site. The eight carboxylato groups belong to eight separate ACTBA linkers and exhibit different bonding modes: four are µ 2 Table S2 †). The resulting structure (Fig. 3) is highly porous and exhibits channels along the a, b and c axes ( , and the smallest along the c axis (C, ca. 7.2 × 2.6 Å) ( Fig. 4 ; the pore dimensions were obtained from space-filling models based on van der Waals radii). All attempts to locate solvent molecules inside the pores failed due to their high disorder. Therefore, these molecules were removed with the SQUEEZE routine implemented in PLATON; the electron count suggests the presence of six poorly defined DEF molecules in the unit cell. Furthermore, as magnetic measurements and Mößbauer spectroscopy indicate the presence of three Fe III cations, an anion X [ possibly hydroxide or formate (from decomposition of DEF) besides 10% chloride] must be present for charge neutrality. TG-DTA analysis was carried out in the range of 30-700°C and showed 1 to be stable up to 350°C (see ESI, Fig. S9 †) . The thermal stability is comparable to that of MIL-53, 11 whereby the high stability may be due to the high valence of the metal ions and the connectivity of the SBU rods. 12, 13 Also, the recently reported MOFs ROD-6 and ROD-7, based on Mn or In and 1,3,6,8-tetrakis(p-carboxylatophenyl)pyrene as linker, exhibit similar stability.
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The permanent porosity of an activated sample was confirmed by the N 2 sorption isotherm at 77 K (see ESI, Fig. S2 †) . The microporosity was assessed by using the Langmuir and BET theories for surface area analysis and the Dubinin-Astakhov (DA) method for pore size distribution (see ESI, associated with an average pore radius of 5.2 Å (DA). The data obtained are in accord with the pore volumes calculated by using the program package Platon. 14 However, in the structure determination, the SQUEEZE analysis revealed a total volume This corresponds to a pore volume of 0.56 cm 3 g −1 , which is 3.5 times higher than the value that was deduced from the Barrett-Joyner-Halenda (BJH) analysis. In order to understand the electronic structure of the trinuclear SBU in 1, microcrystalline samples were studied by VT-SQUID, VT-CW X-band EPR and zero-field 57 was carried out. Clearly, with increasing temperature, the lowfield feature at g ≈ 8.5 and 4 loses signal intensity, while the resonance at g ≈ 2 shifts to slightly lower fields, resulting in a single, broad resonance centred at g = 2.64, 1.97 and 1.90. The coalescence temperature of about 80-100 K could explain the single quadrupole doublet observed in the 57 Fe Mößbauer spectrum (recorded at 77 K). In conclusion, the magnetochemical study (see ESI †) suggests that the electronic structure of 1 cannot be described as an electronically isolated, trinuclear, molecular Fe moiety. Instead, the spectroscopic data suggest that the SBUs engage in intermolecular interactions, most likely in addition to intramolecular magnetic superexchange. Accordingly, a simple interpretation of the electronic structure of supramolecular 1 on a molecular level (the SBU) is severely hampered by spin-spin interactions, as is most obviously seen in the VT EPR study. This leads to complicated magnetic phenomena, detailed interpretation of which is beyond the scope of this work.
From a physical point of view, a central feature of the crystal structure of 1 are the ordered Fe III cations forming atomically thin metal-ion chains and defined nanoscale channels. Objects with such structural features have strongly anisotropic physical properties, 15 for instance, optical or conductive properties. At best, they may have unique metamaterial properties 16a due to the combination of metallic (Fe chains) and dielectric elements (channels) in a single crystal. The latter is enhanced by the fact that all single elements are nanoscale and can be considered as a quantum system. In turn, this is essential for quantum metamaterials. 16b Basically, classical optical studies on MOF conglomerates and arrays strongly dominate over specific studies on single crystals of MOFs, which are mostly dedicated to luminescence. 17 Therefore, studies of the anisotropy of the optical properties of 1 were carried out. The transmission/reflection spectra (experimental setup described in ESI, Fig. S10 †) obtained for a single crystal at two orthogonal polarisations (E 1 and E 2 ) were normalised by the spectra acquired under the same conditions from the slide in DEF (Fig. 5) . Here, the transmission spectra T were recalculated to optical densities OD (OD = −lg T ), which in turn can be considered as characteristic of absorption A of radiation in a crystal of length L (A = 2.3 OD/L). For single crystals of 1 it can be concluded that the different amplitudes and shapes of the reflectance/absorption spectra for light with orthogonal polarisations (E 1 and E 2 ) indicate a strong anisotropy of the optical properties (Fig. 5) : (i) different band gap for light with orthogonal polarisation (2.7 eV versus 2.4 eV), and (ii) anisotropy of the refractive index n. The refractive indices of 1 in the case of normal incidence of light on a homogeneous dielectric film (i.e., single crystal of 1) 18 can be obtained from the following expression:
where R is the reflectance and n 1 , n 2 are the refractive indices of the slide (1.51) 19 and DEF (1.433) 20 in the visible range.
Obtained spectra (Fig. 5) indicate that a single crystal of 1 has a giant difference of n within the whole visible range. In particular, 1 has refractive indices of 1.84 and 2.14 for E 1 and E 2 polarisation at a wavelength of 590 nm (Δn = 0.3), the sodium D line, which is in the same range as well-known and widely used commercial anisotropic crystals (calcite, rutile, sodium nitrate, calomel) 21 with extremely large birefringence at the same wavelength (0.17 < Δn < 0.68). For the whole visible range, the value of Δn varies from 0.19 to 0.34. However, the geometry of the optical experiment is not optimal due to the fact that we do not know the orientation of the Fe III cations and optical axes with respect to the sides of the crystal of 1 (insert in Fig. 5 ). Therefore, it can be argued that Δn can reach much larger values than 0.3 in case of optimal propagation of electromagnetic waves with orthogonal polarisations. Also a higher value of birefringence can be achieved in nanostructured semiconductors 22 or liquid crystals. 23 However, the former is valid for the IR range due to small band gaps, and the latter has a restriction on ultrafast operation. Polarised transmittance and reflectance spectroscopy was carried out for 13 single crystals of 1 with lateral dimension from 2 to 20 µm showing consistent anisotropic optical properties. The observed optical anisotropy directly results from the crystal structure of 1. Due to the charge-transfer properties of the anthracene derivative (ACTBA) 24 and metal-ion chains ordered in different spatial directions, crystals with a structural period of less than 1 nm have anisotropic permittivity and metallic features in the visible spectral range. As a result, the interaction between polarised optical radiation and a single crystal of 1 results in the above-mentioned properties.
Conclusions
In conclusion, the novel highly porous MOF reported here based on a tetracarboxylic linker with an anthracene core (ACTBA) and an Fe 3 (RCO 2 ) 8 SBU reveals giant optical anisotropy arising from metal-ion chains ordered in different spatial directions allowing the single crystals to change their reflectance/absorption depending on the direction of the polarisation vector. We expect that this study, performed for the first time on individual microcrystals, will motivate investigations of other anisotropic properties of single crystals of MOFs and will thus open up unprecedented new applications.
Experimental
General methods
Reaction vessels. Stainless steel vessels (autoclaves, made from (X5CrNiMo17-12-2) AISI 316 aka V4A) with PTFE liners (about 20 ml) were used for the reactions. Solvothermal/temperature-controlled reactions took place in Memmert ovens models UFE400 and UNE600 controlled via computer software over RS-232. Unless otherwise noted, chemicals and solvents were used as purchased. Solvents were dried with an MBRAUN SPS-800. DEF was dried with Na 2 SO 4 , then stirred at room temperature for 2 h with CaH 2 followed by filtration and distillation under reduced pressure. Silica used was Merck VWR Geduran Si60 (40-60 µm). Anthracene was used as purchased. Boronic acid was prepared from destilled p-bromotoluene via boronation and, in case of 4-carboxyphenylboronic acid, followed by oxidation and esterification. 4-Methoxycarbonylphenylboronic acid is also commercially available. 4-Methoxycarbonylphenylboronic acid was always a mixture of free acid and boroxine (trimeric anhydride), but both compounds can be employed in the reaction. 2,6,9,10-Tetrabromoanthracene was prepared according to ref. 25 . NMR spectra were recorded with a Bruker AVANCE DRX 400 spectrometer; chemical shifts are given in parts per million ( ppm) at 400. 13 ( 1 H). Internal standard was TMS (tetramethylsilane).
Infrared spectra were recorded on a Perkin-Elmer FT-IR Spectrum 2000 spectrometer in KBr. Elemental analysis was conducted with a VARIO EL (Heraeus). ESI-MS was performed with a Bruker Esquire 3000 plus, for EI-MS a Finnigan MAT 8230 (70 eV) was used. Melting points were determined with a Gallenkamp MPD350.BM2.5 device.
Synthesis of H 4 -ACTBA. Me 4 -ACTBA was prepared from 2,6,9,10-tetrabromoanthracene and 1-COOMe-4-B(OH) 2 -C 6 H 4 via Suzuki-Miyaura coupling (general protocol in ref. 26 ). Oxygen-free dioxane and deionised and degassed water (ratio 3 : 1) were added via cannula to a mixture of 2,6,9,10-tetrabromoanthracene (1 eq.), boronic acid (in total 5.8 to 6.6 eq. of 1-COOMe-4-B(OH) 2 -C 6 H 4 , starting with 3 eq. and adding additional portions of 1.2 eq. after 3, 6 and 9 days), base (7.5 eq. Na 2 CO 3 ) and catalyst ([Pd(PPh 3 ) 4 ], 1.5 mol%) under nitrogen. The mixture was refluxed for 10-12 days. Additional boronic acid was added after every third day. Solvent was removed on a rotary evaporator. Purification can be achieved by column chromatography using n-hexane/ethyl acetate (8 : 1) with a rising gradient of ethyl acetate as eluent on silica. Reflectance spectra and optical density of a single crystal of 1 irradiated perpendicular to its surface. Red and blue curves correspond to reflection/absorption of electromagnetic waves with electric vectors E which are perpendicular (E 1 ) or parallel (E 2 ) to the longest side of the crystal, as shown in the inset. The oscillations in the reflectance spectra indicate interference in thin films, and the calculated optical thickness of the crystal shown is 10 µm. The slope of the optical density curves supports different band gaps of 1 depending on light polarisation (2.7 eV for E 1 and 2.4 eV for E 2 ).
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This journal is © The Royal Society of Chemistry 2016 Synthesis of 1. About 0.08 mmol of the anthracene-based ligand (H 4 -ACTBA) were dissolved in 3 ml DEF (DEF was used rather than DMF as the latter hydrolyses much more rapidly with formation of formate and dimethylamine) and added to the Teflon liner with ca. 0.6 mmol FeCl 3 ·6H 2 O. Temperature programme: 5 h rising to 180°C, keeping at 180°C for 28 h and decreasing over 48 h to rt. After the reaction, the crystalline material was isolated, washed twice with MeOH and dried at room temperature. The colour of the crystals ranges from a dark yellow to brown (depending on thickness and light 
Crystal structure determination
The X-ray data were collected on a Gemini-S CCD diffractometer (Agilent Technologies) using Mo-K α radiation (λ = 0.71073 Å), ω-scan rotation. Data reduction was performed with CrysAlis Pro, 27 . CCDC 1062660 (1) contains the supplementary crystallographic data for this paper.
